The t(11;18)(q21;q21) is thought to represent an important primary event in the development of marginal zone lymphomas, although an accurate estimation of the frequency and distribution of this genetic alteration among nodal, splenic, and extranodal marginal zone lymphoma types has yet to be determined. Recently, molecular genetic studies have shown that this translocation results in the fusion of the API2 gene on chromosome 11 and a novel gene termed MALT1 on chromosome 18. To investigate the incidence of API2-MALT1 fusion transcripts among marginal zone lymphomas and to determine possible marginal zone lymphoma subtype associations, we used reverse transcriptase-polymerase chain reaction to analyze RNAs extracted from frozen tissue samples of 99 marginal zone lymphomas. Fifty-seven involved diverse extranodal sites including 14 stomach, 11 lung, 7 orbit, 7 parotid, 5 thyroid, 5 lacrimal gland, 3 small intestine, 2 large intestine, 1 kidney, 1 paraspinal region and 1 skin. Twenty-one primary splenic and twenty-one primary nodal marginal zone lymphomas were also studied. API2-MALT1 fusion transcripts were detected in 12 of 57 extranodal marginal zone lymphomas (21%), but in none of the nodal or splenic cases. The cDNA sequences of the fusion transcripts were determined, revealing variation in the coding sequence fusion point for both API2 and Although they share a common CD5 and CD10 negative B cell phenotype 1,2 and are thought to arise from post follicular memory B cells, 3-5 marginal zone lymphomas are separated into three distinct disorders by the Revised European Lymphoma Classification: primary nodal marginal zone lymphoma, primary splenic marginal zone lymphoma, and extranodal marginal zone lymphoma of MALT type.
follicular memory B cells, [3] [4] [5] marginal zone lymphomas are separated into three distinct disorders by the Revised European Lymphoma Classification: primary nodal marginal zone lymphoma, primary splenic marginal zone lymphoma, and extranodal marginal zone lymphoma of MALT type. 2 These lymphoma types have subtle morphological differences 6 -9 and distinct clinical behaviors. 10, 11 In addition, the few cases that have been studied by routine cytogenetics or by fluorescence in situ hybridization have displayed differences in the incidence of chromosome 3 abnormalities. [12] [13] [14] [15] Thus, it is likely that marginal zone lymphomas arising in lymph nodes, spleen, and extranodal sites are also pathophysiologically distinct from one another.
The t(11;18)(q21;q21) has been identified as a recurring cytogenetic abnormality in marginal zone lymphomas, particularly in those that arise in extranodal sites. 16 -20 Because balanced translocations are thought to play a pathogenetic role in the development of B cell lineage lymphomas such as Burkitt's lymphomas, 21, 22 follicular lymphomas, 23, 24 and mantle cell lymphomas, 25 the t(11;18)(q21;q21) may provide clues to the pathogenesis of extranodal marginal zone lymphomas. Recently, in a detailed molecular genetic analysis of two cases of marginal zone lymphoma with the t(11;18)(q21;q21), Dierlamm and colleagues identified the fusion of two genes at the 11q21 and 18q21 breakpoints: API2 and MLT (MALT lymphoma-associated translocation), respectively. 1 API2 codes for an inhibitor of apoptosis termed c-IAP2 (also called HIAP1 or MIHC), suggesting that cells harboring the API2-MLT fusion might exhibit enhanced resistance to apoptosis. No function has yet been assigned to MLT, but this gene has also been identified by Akagi and colleagues 26 and termed MALT1. By consensus MLT is now referred to as MALT1 (Marynen P, unpublished communication), which will be its designation for the remainder of this manuscript.
Many questions regarding the frequency, clinical significance, and functional role of the API2-MALT1 gene fusion in marginal zone lymphomas remain to be addressed. For example, if t(11;18)(q21;q21) plays a consistent role in the pathogenesis of marginal zone lymphoma, then the frequency of its occurrence in such tumors should be high. Because the cytogenetic features of only a small number of marginal zone lymphomas have been reported, however, the incidence of the t(11; 18)(q21;q21) is unknown at present. In addition, the number of well characterized cases of nodal and splenic marginal zone lymphomas studied by cytogenetics has been insufficient to determine whether or not these related lymphoma types also harbor the t(11;18)(q21;q21). Finally, it is not known whether the t(11;18)(q21;q21) is disproportionately represented in extranodal marginal zone lymphomas involving different anatomical sites.
Given the practical limitations of performing routine cytogenetic studies on a large number of marginal zone lymphoma cases, we undertook this study to determine the incidence of t(11;18)(q21;q21) by using reverse transcriptase-polymerase chain reaction (RT-PCR) to detect API2-MALT1 fusion transcripts. We applied this form of analysis to RNAs from a large number of marginal zone lymphomas to address the frequency of the API2-MALT1 fusion in examples of extranodal, nodal, and splenic marginal zone lymphomas. We then sequenced cDNAs from all cases in which reaction products were formed to determine the extent of variation of API2-MALT1 fusion sites.
Materials and Methods

Patient Samples
Ninety-nine marginal zone lymphoma cases were selected from files of the Division of Anatomic Pathology of the Mayo Clinic according to three criteria: diagnosis of marginal zone lymphoma based on morphology and immunophenotype (frozen section immunohistochemistry or flow cytometry in all cases) using the criteria of the Revised European American Lymphoma Classification; availability of frozen tissue for extraction of RNA; and consent of the patients for research use of their tissue. Of the 99 cases, 57 involved diverse extranodal sites including: 14 stomach, 11 lung, 7 orbit, 7 parotid, 5 thyroid, 5 lacrimal gland, 3 small bowel, 2 colon, 1 each from kidney, skin of scalp, and paravertebral region. Twenty-one cases were primary splenic marginal zone lymphomas and 21 represented nodal marginal zone lymphomas. From one patient, contemporaneous samples from intestine and spleen were studied. From a second patient 3 gastric specimens were studied: 1 at the time of diagnosis and 2 others representing recurrences at 6 months and 19 months after the date of the original biopsy. One sample of an extranodal marginal zone lymphoma involving the lung and known to contain t(11;18)(q21;q21) by standard cytogenetic analysis was used as a positive control. In addition, frozen samples of 7 cases representing reactive lymphoid hyperplasia (3 lymph nodes, 1 spleen, 1 nasopharynx, 1 tonsil, and 1 rectum with follicular lymphoid hyperplasia) were also studied as negative controls. Clinical data were collected in all cases. The study was approved by the Mayo Clinic Institutional Review Board.
RNA Extractions
Sections of frozen tumor tissue approximately 2 mm 3 were homogenized in a guanidinium isothiocyanate-phenol solution (Gibco BRL, Grand Island, NY). Following the addition of one-fifth volume of chloroform to the homogenates, organic and aqueous phases were separated by microcentrifugation at 4°C. The aqueous phases were isolated and the RNAs they contained were precipitated by the addition of an equal volume of isopropanol followed by sample incubation at Ϫ20°C for 1 hour. RNA precipitates were pelleted by microcentrifugation and the pellets were dissolved in DEPC-treated H 2 O. RNA samples were stored at Ϫ80°C until they were used for RT-PCR reactions (below).
cDNA Synthesis and Sequence Analysis
One-microgram samples of total RNA were reverse transcribed at 37°C for 1 hour in 10-l reaction volumes containing random hexamer primers, MMLV reverse transcriptase, and buffer supplied by the manufacturer (GibcoBRL). Following a 2-minute, 95°C heat denaturation step, cDNA amplifications were performed in 50 l reaction volumes containing 1 l of product from the reverse transcription reaction, 20 pmoles of forward and reverse primers in various combinations, 200 mol/L dNTPs (Perkin-Elmer, Foster City, CA), 1.25 U of Taq polymerase (AmpliTaq Gold, Perkin-Elmer), 10 mmol/L Tris-HCl, pH 8.3, 50 mmol/L KCl, 1.5 mmol/L MgCl 2 , and 0.001% gelatin, and using a reaction profile consisting of 35 cycles at 95°C for 30 seconds, 55°C for 30 seconds, and 72°C for 1 minute (final extension at 72°C for 10 minutes). The sequence identities for the sense primers used for cDNA synthesis are according to National Center for Biotechnology Information (NCBI) accession number L49432 (API2): S1 ϭ 4 -23, S2 ϭ 123-143, and S3 ϭ 1098 -1118. Sequences for antisense primers were based on NCBI entry AF130356 (MALT1): AS1 ϭ 822-842, AS2 ϭ 1452-1469, AS3 ϭ 1908 -1931, and AS4 ϭ 2672-2693. After electrophoresis, cDNA products were excised from 1.2% agarose gels, purified (gel extraction kit, Qiagen, Valencia, CA), incubated with 40 U exonuclease I and 8 U shrimp alkaline phosphatase (PCR Product Pre-Sequencing kit, Amersham, Piscataway, NJ) at 37°C for 15 minutes, and then incubated at 80°C for 15 minutes. Approximately 100 ng quantities of purified and treated cDNA products were sequenced using 2 pmoles of forward or reverse primer (API2 sense primers 1138 -1158, 1368 -1391, or 1652-1673, and MALT1 antisense primers 901-921 or 1223-1243) and reagents from Amersham's Thermosequenase kit. All fusion cDNA sites were determined and corroborated by sequencing in the sense and antisense directions. Cycling parameters were 20 seconds at 95°C, 30 seconds at 58°C, and 1 minute at 72°C for 30 cycles. Stop solution was added to each reaction, and these were subsequently denatured at 95°C for 2 minutes, quenched on ice, and electrophoresed through a 6% polyacrylamide gel with 15% formamide and 7 mol/L urea. Gels were dried for 1 hour and exposed to film overnight.
Results
Detection of API2-MALT1 Fusion Transcripts
Total RNA was isolated from each biopsy specimen and analyzed by RT-PCR for API2-MALT1 fusion transcripts. Each RNA sample was examined with a minimum of four primer pairs. Results, including all of those from the marginal zone lymphoma specimens containing amplifiable API2-MALT1 fusion transcripts, are shown in Figure 1 . All 99 lymphoma specimens and all 7 lymphoid hyperplasia specimens contained detectable HPRT mRNA. API2-MALT1 fusion transcripts were identified in 12 of the 57 (21%) extranodal marginal zone lymphoma cases (6 lung, 2 colon, 2 small intestine, 1 stomach and 1 parotid). The single primer combination S2 and AS3 (Materials and Methods) produced fusion cDNAs from all 12 cases. When only those extranodal marginal zone lymphoma samples that represented the initial diagnostic specimens were considered (n ϭ 35) the site specific frequencies of API2-MALT1 fusion were as follows: lung 4 of 9, stomach 1 of 5, colon 1 of 1, orbit 0 of 7, thyroid 0 of 4, parotid 0 of 4, lacrimal gland 0 of 3, paravertebral region 0 of 1 and kidney 0 of 1. API2-MALT1 fusion transcripts were not identified from any of the 21 primary nodal or 21 splenic marginal zone lymphoma specimens, or from any of the samples of reactive lymphoid hyperplasia. When the frequencies of detection of API2-MALT1 fusion transcripts was compared between extranodal marginal zone lymphomas and either nodal or splenic marginal zone lymphoma the differences were statistically significantly different (P Ͻ 0.05; Fisher's exact test). The pulmonary extranodal marginal zone lymphoma case that displayed t(11;18)(q21;q21) by standard cytogenetic techniques contained an API2-MALT1 fusion transcript and its corresponding cDNA is shown in lane 1 of Figure 1 .
Sequencing API2-MALT1 Fusion Transcripts
As suggested from the variation in electrophoretic mobility of the fusion cDNAs and demonstrated by direct sequencing of the RT-PCR products, several different API2-MALT1 fusion sites were determined. Portions of the sequencing gels corresponding to API2-MALT1 fusion sites and schematic representations of the corresponding chimeric protein for each of the variant sequences identified are displayed in Figure 2 . In each case, the portion of the API2 gene that encodes the BIR sequences and the VDJ4-like domain from the MALT1 gene were retained in the fusion transcript. In cases 11 and 12, the CARD domain of the API2 gene was contained in the cDNA product, and in cases 1 through 7 and case 11, one or two C2-like domain sequences from MALT1 were present. Finally, the contemporaneously obtained samples of spleen and small intestine involved by extranodal marginal zone lymphoma had transcripts with identical API2-MALT1 fusion sites, as did the serially obtained specimens from the stomach.
Clinical Data
Clinical data in this study were available for 76 patients, 46 women and 30 men (F:M ϭ 1.5:1), with a median age of 67 years (range, 29 -95 years). Fifty-seven had extranodal marginal zone lymphomas, 8 had primary nodal marginal zone lymphomas, and 11 had primary splenic marginal zone lymphomas. Fifty patients, including 6 in whose specimens the API2-MALT1 fusion was demonstrated, had no prior history of lymphoma. Twenty-five patients, including 5 in whose specimens the API2-MALT1 fusion was demonstrated, had a prior diagnosis of malignant lymphoma. Twenty-one of these were extranodal marginal zone lymphomas, and the prior malignant lymphoma involved either the same (n ϭ 13) or different (n ϭ 5) extranodal sites, lymph nodes (n ϭ 2), or bone marrow (n ϭ 1). Three were nodal marginal zone lymphomas and 1 was a splenic marginal zone lymphoma. In 1 case, the patient's prior history was unknown. Follow-up data were available for 69 patients; the median duration of follow-up was 30 months (range, 1-105 months). In 8 cases the tumor underwent transformation to large cell lymphoma; 6 of these patients, including both whose tumors were API2-MALT1 fusion-positive, died. There were no significant differences in the general clinical features or survivals between patients whose tumors contained API2-MALT1 transcripts and those whose tumors RT-PCR detection of API2-MALT1 fusion transcripts. Total RNA, extracted from tumor specimens as described in the Materials and Methods, was reverse transcribed and RT products were used for the amplification of fusion cDNAs with primers S3 and AS2; approximate primer locations are shown in Figure 2 . Control reactions using primers for the HPRT gene were run in parallel to document that sample RNA was of adequate quality to yield RT-PCR product in all cases. Reaction products were resolved in a 1.2% agarose gel that was stained with ethidium bromide and photographed. Marker (M) sizes (in bp) are indicated to the left and sample identities are indicated at the top.
did not contain API2-MALT1 transcripts. However, API2-MALT1 transcripts were disproportionately detected in marginal zone lymphomas involving the lung.
Discussion
In 1989, Levine and colleagues first reported that t(11; 18)(q21;q21) was a recurring chromosomal abnormality in malignant lymphoma. 20 Subsequent studies linked this translocation with low grade lymphomas that involved extranodal sites 19 and that had a CD5-and CD10-negative B cell phenotype. 17 As extranodal marginal zone lymphomas became recognized as a unique lymphoma type, t(11;18)(q21;q21) became specifically associated with these tumors. 16, 18 When found, t(11;18)(q21;q21) almost always existed as the sole genetic anomaly, suggesting that it was a primary chromosomal abnormality that involved genes that were important in lymphomagenesis or in lymphoma progression. 16 Using fluorescence in situ hybridization with yeast, bacterial, and P1 artificial chromosome (YAC, BAC, and PAC, respectively) probes to metaphases containing t(11;18)(q21;q21), Stoffel et al 27 and Akagi et al 28 identified an 18q21 breakpoint distal to DCC1and proximal to BCL-2. These studies were followed by a detailed mapping of two cases with this type of translocation, which led to the identification of two genes, API2 at chromosome 11q21 and MALT1 at chromosome 18q21, that had been rearranged and fused. 1 The API2 gene is one member of a five-gene family in humans that codes for proteins involved in regulation of apoptosis. Common features in all but one of the gene family members include one to three copies of a motif termed the baculovirus inhibitor of apoptosis (IAP) repeat (BIR) sequence, a caspase recruitment domain (CARD), and a RING finger domain. 29 The protein coded for by API2 has been shown to be highly expressed in lymphoid cells of the spleen and thymus 29 and to suppress apoptosis by binding to and inhibiting caspase-3 as well as caspase-7 activity, and by inhibiting cytochrome C activation of procaspase-9.
30,31 Caspase binding and inhibition are maintained by functional mutant proteins containing only the BIR domains. 30 The BIR domains of c-IAP2 can also associate with TRAF1 and TRAF2, and they are thus likely to be involved in signal transduction through the 75 kd tumor necrosis factor receptor. 29 The function of the protein encoded by MALT1 is unknown. It is homologous to a hypothetical Caenorhabditis elegans gene and contains two immunoglobulin-like C2 domains and a domain similar to the mouse immunoglobulin ␥ chain VDJ4 sequence. 1 The cDNA sequences of the API2-MALT1 fusion transcripts identified in this study showed seven variations, including the two variants identified by Dierlamm et al. 1 In all cases the 5Ј end of the fusion transcripts contained all three BIR domains encoded by API2, suggesting that if a chimeric protein is produced by the API2-MALT1 fusion transcripts, it would have an antiapoptotic function. In each of the 12 cases the RING finger domain of c-IAP2 was eliminated from the API2-MALT1 fusion transcript. It is possible that the API2-MALT1 fusion liberates the BIR motifs from regulatory control by the RING finger domain, and thereby produces an enhanced anti-apoptotic effect in the cells harboring the API2-MALT1 fusion. In 2 cases reported here, but in neither of the previously reported cases, the CARD domain of API2 was present in the API2-MALT1 transcript. The pathogenetic significance of its inclusion is unknown, but the CARD domain could conceivably alter the caspase-binding affinity of a resulting chimeric protein. The function of the MALT1 gene product in the context of the API2-MALT1 fusion transcript is unknown, but as shown (Figure 2 ), the amount of MALT1 sequence in the fusion gene is variable.
As applied to extranodal marginal zone lymphomas, inhibition of apoptosis due to the presence of API2-MALT1 fusion transcripts would confer a survival advantage on B-lymphocytes, releasing them from the usual controls regulating antigen dependent proliferation. This may be particularly important for examples of gastric MALT type lymphomas related to Helicobacter pylori infection 32, 33 or to extranodal lymphomas related to autoimmune disorders 34 -36 where B cell recruitment to and proliferation at the anatomical sites of disease are hallmarks of the milieu in which these lymphomas develop. Enhanced inhibition of apoptosis might also favor the development of additional genetic abnormalities that cause transformation of low grade extranodal marginal zone lymphomas to aggressive large cell lymphomas. [37] [38] [39] [40] In this series, the marginal zone lymphomas harboring the API2-MALT1 fusion did not seem to show a greater likelihood of transforming to large cell lymphoma, but the number of cases with transformation was small.
Because they arise from postfollicular memory B cells, nodal, extranodal, and splenic marginal zone lymphomas are often considered to be related neoplasms. However, mounting evidence suggests that they are pathophysiologically distinct. Extranodal marginal zone lymphomas arise in lymphoid tissue recruited to sites such as the stomach, thyroid, salivary glands, and lung in the setting of chronic antigenic stimulation. 32,34 -36,41,42 They typically remain localized to the initial site of disease for long periods of time and disseminate preferentially to other extranodal sites, recapitulating the homing patterns of the normal lymphocytes of mucosa-associated lymphoid tissues. [43] [44] [45] [46] By contrast, splenic marginal zone lymphomas preferentially involve the spleen.
7,47-49 They infrequently involve extranodal sites other than the bone marrow and blood and can produce a leukemic phase sometimes termed "splenic lymphoma with villous lymphocytes." 9,50 -52 Primary nodal marginal zone lymphomas have clinical features similar to other low grade lymphomas, with disease based predominantly in the lymph nodes. 10, 11 An additional point of distinction between the marginal zone lymphoma subtypes has been suggested by studies showing differences in the frequency of trisomy 3 and in translocations involving chromosome 3q in extranodal, splenic, and nodal marginal zone lymphomas. [12] [13] [14] [15] Furthermore, instances of t(11; 18)(q21;q21) have been limited to low grade lymphomas involving extranodal sites. 16 -20 The latter finding is consistent with the results of this study in which API2-MALT1 fusion transcripts were found exclusively in extranodal marginal zone lymphomas. Finally, specimens from primary marginal zone lymphomas involving the lung had a disproportionately higher rate of API2-MALT1 fusion compared to primary extranodal marginal zone lymphomas involving other sites, suggesting a site-specific molecular pathogenesis of this tumor type.
Technical factors such as the necessity for tumor cell viability and the low proliferative rate of marginal zone lymphoma cells 53 have limited the ability of routine cytogenetic testing to provide an accurate estimate of the incidence of t(11;18)(q21;q21) in marginal zone lymphomas. In addition, the studies that report on the t(11; 18)(q21;q21) in marginal zone lymphomas were not specifically designed to determine the incidence of the translocation in large numbers of cases. In this study based on the RT-PCR technique, the API2-MALT1 fusion transcript was detected in 21% of 57 extranodal marginal zone lymphoma specimens. Because the primers that were used in the assay covered nearly the entire coding sequences of both API2 and MALT1, it is unlikely that cases having a fusion translocation of these genes would have escaped detection. The RT-PCR assay used here, in combination with the development of probes for fluorescence in situ hybridization detection of t(11;18)(q21; q21) in fixed, paraffin-embedded tissue, should facilitate further investigation of the clinical significance of this gene alteration.
